This paper presents a review in gold nanoparticles focusing on chemical reduction synthesis mechanisms. We hope to aid students and researchers starting in the nanotechnology field by compiling the most used synthesis methods, so they can select the ones that best suit them. The compiled information in this paper approached the following methods: Turkevich Method; Synthesis with NaBH 4 with/without citrate; Seeding-Growth; Synthesis by Ascorbic Acid; Green Synthesis; Brust-Schiffrin; and synthesis using other reducing agents. Papers that had clear synthesis information were selected for this work, but that doesn't mean they were synthesis focused. Over 150 papers were analyzed. After compiling the information for these papers, we can conclude that nanoscience is revolutionizing all the areas that are applied to.
that are in the nanoscale (nm) and have unique properties. Their configuration in the nanometric size promotes alteration in their physical, chemical, and biological behaviors. The quantum confinment effects states that the properties of materials are sizedependent in this scale range. In nanomaterials, the energy levels of the electrons are not continuous as when compared to the bulk form. They are discrete due to the confinement of the electronic wave function in up to three physical dimensions. That leads to a change in surface area and electron confinment, makes the change in materials properties. For example, properties such as melting point, fluorescence, electrical conductivity, magnetic permeability, and chemical reactivity change as a function of the size of the particle [1e3] .
Maybe the most important result of the nanoscale quantum effects is the ability to tune the properties [4, 5] . It means that a researcher can change the proprieties behavior to serve a determined propose. For example, changing the fluorescence color of a particle can be used to identify diseases [1] .
Michael Faraday provided the first description, in scientific terms, of the optical properties of nanometer-scale metals in his 1857 paper describing the production of colloidal gold by the reduction of chloroauric acid by phosphorous [6] .
This paper will present different chemical synthesis methods for producing gold nanoparticles. They have all sort of different applications in several fields such as in industry, electronics, and environmental sciences [1,7e13] . Gold nanoparticles are the type most reported in the literature. Around 87,000 papers were published since 1996. Copper, Silver, Iron and titanium nanoparticles are also extensively reported (85, 57, 59 , 36 thousand publications, respectively) and are worth a review of their own. According with Alves, the most used synthesis pathway is by chemical reduction (around 53,000 of the 87,000 used chemical reduction). That will be the focus of this review. Other synthetic methods include electrochemical [14] , sonochemical [15] , thermal [16] or photochemical [17] reduction techniques, and ionic liquids [18] .
Gold nanoparticles (AuNPs) applications are shape and size dependent. As examples: gold nanorods are being used as biosensors and to kill cancer cells [19, 20] and drug delivery [21, 22] . Nanobubbles containing gold nanoparticles can reach a determined affected area and burst due to increase heat from a laser beam or infrared rays. They them slowly penetrate the cancer cell wall inhibiting growth (Golden Bullet Technique) [23] .
Their interaction with light is also environment, size and physical dimensions dependent. Consistent with the Fermi liquid model, plasmons are explained as a negatively charged electron cloud coherently displaced from its equilibrium position around a lattice made of positively charged ions [24] . When a small spherical gold nanoparticle is exposed to light, the oscillating electric field causes the conduction electrons to oscillate coherently. Because of the displacement of the electron cloud, a restoring force arises from Coulomb attraction between electrons and nuclei resulting in oscillation of the electron cloud relative to the nuclear framework [25] . The interactions in NPs with size much smaller than photon wavelength are non-propagating excitations, called localized surface plasmons (LSPs), due to the resulting plasmon oscillation being distributed over the entire particle volume. Such a coherent displacement of electrons from the positively charged lattice generates the restoring force that pulls the polarized electrons back to the lattice. When the wavelength is greater than the size of the NPs, a uniform and oscillating electric field is formed resulting in an inphase electrons oscillation. Nevertheless, this collective oscillation is constrained by the reduced dimensions of the NP in which the electrons are confined, leading to a significant absorption of the wavelengths around green. That is why AuNPs appear with the complementary color, which is red [2, 7, 12, 26] .
The color change is also seen when excess salt is added to the gold solution. The surface charge of the gold nanoparticle becomes neutral, causing nanoparticles to aggregate. As a result, the solution color changes from red to blue. To minimize aggregation, it might be necessary to use coating agents in the surface, such as polymers, small molecules, and biological recognition molecules. This surface modification enables gold nanoparticles to be used extensively in chemical, biological, engineering, and medical applications [7, 27, 28] .
Some examples of the use of gold nanoparticles in medical applications are:
Therapeutic Agent Transport: The large ratio of surface areavolume of gold nanoparticles enables their surface to be coated with hundreds of molecules (including ligands, antibodies, and therapeutic, diagnostic and targeting agents) [29, 30] . Photodynamic Therapy: Heat can be generated by gold nanoparticles when excited by light with 700e800 nm wavelengths. When positioned inside a tumor, the particles rapidly heat up, killing tumor cells [31, 32] . Sensors: Gold nanoparticles can be used in Raman spectroscopy as substrates to enable/improve measurements of vibrational energies of chemical bonds. This strategy can be used for proteins detection [33] . Probes: In dark-field microscopy, gold nanoparticles can produce an array of colors that can be used for biological imaging applications [34] . Diagnostics: Gold nanoparticles are also used to detect biomarkers in the diagnosis of heart diseases, cancers, and infectious agents [35] . Treatment: gold nanoparticle can be used to improve the radiation therapy dose delivery or can be used for treatment when activated to gold-198 [36] .
Most of the nanoparticle products being investigated are still in the development stage. For example, the gold-198 nanobrachyseeds are mostly in the dosimetry simulation stage and at the animal tests studies. Human testing, toxicity evaluations, hospital planning dosimetry computer programs, delivery systems, and training aren't yet being developed. A few rare examples are: AuroVist™ used as contrast for Computed Tomography [37] and Ni-NTA-Nanogold ® , designed a marker to locate proteins in electron microscopy [38] .
Chemical Phenomena's and their role in nanoparticle formation
The synthesis of AuNPs by chemical reduction contains two major steps: the use of reduction agents such as borohydrides, citric and oxalic acids, polyols, hydrogen peroxide, sulfites, among many others. They provide electrons to reduce the gold ions, Au 3þ and Au þ to Au 0 which is the electric state for nanoparticles; the use of stabilization agents such as trisodium citrate dihydrate, sulfur ligands (mostly thiolates), phosphorus ligands, polymers, surfactants (in particular cetyltrimethylammonium bromide, CTAB), and others [39] . They stabilize nanoparticles against aggregation by imputing a repulsive force that control growth of the nanoparticles in terms of rate, final size or geometric shape. It is possible that stabilizing agent is the same molecule that acts as the reduction agent [40] .
Functionalization is also available in the design of nanoparticles for a particular usage. For instance, a target molecule can be attached to the AuNPs surface to increase intake in a particular organ. Nanoparticle synthesis is extremely sensitive to multiple factors. A simple unwashed pipet tip may add foreign material enough to displace the stabilizing agent causing aggregation. Acidic or basic solutions can change the average diameter and size distribution by increasing dissolution rate to ionic form that can re-deposit onto existing nanoparticles.
Another important question is that size and shape can influence function. As an example, Schleh et al. [41] . discovered that size and surface charge of gold nanoparticles determine absorption across intestinal barriers and accumulation in secondary target organs after oral administration.
In the next items, we will summarize a few chemical phenomena's and their role in nanoparticle formation.
Characteristics dependence
The formation, size, shape, and function of the AuNPs is highly influenced by the physical and chemical characteristics of their synthesis. Reaction temperature, stirring rate, the ratio of gold to reducing agent are some of those constraints [42] .
As an example, in the Turkevich method, trisodium citrate acts as a reducing agent and citrate binds to the nanoparticle surface acting as a weak stabilizer. Trisodium citrate is also a weak base, changing the reaction pH. Since the reactivity of the gold complexes, reflected by their reduction potential, changes when pH varies, the citrate concentration will influence the final outcome [43] . An example is presented by Ji et al. (reference [43] ). Fig. 1 presents the size variation of gold nanocrystals through standard citrate reduction in boiling water. The molar ratio between trisodium citrate and choroauric acid was varied [40] . Another example using Frens reaction variation can be found in Ref. [40] .
Surface charge
Since large fraction of atoms is concentrated at the nanoparticle surface, the region has a major influence in its chemical and physical properties. Because the surface atoms exhibit incomplete valence, being only bound to the internal atoms, their external sites are open for interaction with donor-acceptor species, or ligands (similar behavior as their related metal complexes) [42] .
Most applications require the stabilization of the nanoparticles as colloidal dispersions through surface modification with appropriate coordinating species, such as citrate ions, thiols, or surfactants. It creates the possibility of controlling the stability of the dispersions by exploiting the charge and steric properties of the metal complexes, while modifying nanoparticles function [42] .
The AuNPs properties is due to a large percentage of surface atoms and their delocalized electrons which behave as plasmon waves. The coordination sites of the surface atoms are not complete, allowing the binding of donor-acceptor species, or ligands. In solution, molecules associate with the nanoparticle surface and these surface bound molecules establish a double layer of charge that prevents nanoparticle aggregation. Also, particles can be functionalized with molecules that 'flip' the surface charge from negatively charged gold nanoparticles to a positively charged surface. This coating agent can also be functionalized to provide reactive groups, such as amines, for subsequent modification [42] .
The surface of most nanoparticles is dynamic and is strongly influenced by the local environment. Different conditions will affect the particle in different ways. High salt environments will collapse the double layer and cause nanoparticle aggregation. Proteins and other biomolecules will often associate with and stabilize particles [42] .
To access the stabilization, zeta potential assessment should be performed. Typically, nanoparticles with zeta potentials values outside of the 20 to À20 mV range have sufficient electrostatic repulsion to remain stable in solution.
Surfactants
Surfactants have ability to control the crystal growth of nanomaterials to achieve desired morphologies [44] . They are amphiphilic substances that, when present at low concentration, have property of adsorbing on surfaces or interfaces resulting in an alteration of free energy available. This property makes surfactants Fig. 1 . TEM images a-e of gold nanocrystals synthesized with different sodium citrate/HAuCl 4 ratios. Published by Ji et al. [43] . "Reprinted with permission from Ji et al. [43] . Copyright (2019) American Chemical Society". a very interesting option to be used as surface coating in nanoparticles. They are being extensively explored as a simple, effective and economical method. In contrast to their bare counterparts, the surfactant coated nanoparticles remain well dispersed in relatively dilute solutions. When higher concentrations of surfactant NPs are deposited on a smooth solid surface, they display a strong propensity to self-assemble into ordered arrays [45] .
Very small nanoparticles with narrow size dispersion can be prepared using a two-phase process in the presence of organic thiols. For example, in the method proposed by Brust et al. [46] , the gold salt is dissolved in water and first transferred to the organic phase using a suitable phase-transfer agent, such as tetraoctylammonium bromide (TOAB). Then, an aqueous sodium borohydride solution is added to the stirred biphasic system, leading to the formation of gold nanoparticles, changing the organic phase color from the characteristic orange to red or brown, depending on the size. The ratio of gold to organo-thiol and the reaction temperature control particle size. The nanoparticles, protected by a compact shell of organo-thiols, are stable for long periods of time, either in solution or as solids that can be readily redispersed in organic solvents [42] . Fig. 2 shows the different morphology of nanoparticles synthetized with different surfactants elucidating the surfactants impact in overall morphology.
Functionalization and stabilizers
Chemisorption, electrostatic attraction or hydrophobic interaction can attach a molecule to a NP surface, most commonly provided by a head group of the ligand molecule. Various chemical functional groups have a possibility to bind to inorganic surfaces, such as thiol to gold [5] . For example, gold nanoparticles in an aqueous solution synthesized by citrate reduction results in negatively charged citrate ions adsorbed on their surface and are thus stabilized by electrostatic repulsion. This weak-bind citrate layer can be replaced by ligands binding stronger to the particle surface [40] .
In this ligand-exchange strategy, the molecules stabilizing the particles in the original first phase are replaced by other, more strongly binding ligands that allow the transfer to the second phase and provide colloidal stability or new function [40] .
The protection against aggregation can be achieved by attaching an inert molecular chain (such as polyetilene glycol-PEG) or functional groups that have terminating linear molecules. In watersoluble nanoparticles, such as the AuNPs, these functional groups are often carboxylic acids that uses electrostatic repulsion to provide stabilization (this can be exploited in the conjugation of other molecules) [40] .
All modification performed requires that the new version is fully re-characterized. A great deal of work will be necessary to adjust the quantities of each solution. Further purification, centrifugation, adjustment, or manipulation may be necessary.
Objectives
For newcomers in the nanotechnology field it will be clear that reproducing literature methods do not, in most cases, yield comparable, or even acceptable, results. Since we are in the nanoscale, several issues, such as reagent, glassware, and equipment calibration, will play a major role in the results obtained. This review will present relevant journal articles that approach gold nanoparticles synthesis mechanisms by chemical reduction. Papers that had clear synthesis information were selected, but that doesn't mean they were synthesis focused. We expect that this review will help students and researchers starting in the nanotechnology field by compiling the most used synthesis methods, so they can select the ones that best suit them. We encourage the reader, after the selection of the parts of interest, to read the brilliant original papers featured in this review.
The compiled information was prepared during September 2017eNovember of 2018 and classic search engines were used such as Science Direct, ACS (American Chemical Society), Elsevier, PubMed, Google Academics, among others.
A basic search with the words Gold Nanoparticles, synthesis shows the incredible increase of research articles published in the field. The number doubled in 5 years period (2013e2018), reflecting the intense attention that this field is receiving (Fig. 3 ). [2, 47] .
Synthesis
Since the HAuCl 4 is corrosive, glass or plastic spatula must be used avoiding contact with metal. In the preparation of gold nanoparticles, cleaning of glassware is very crucial. Thus, all the glassware and magnetic stirrer should be thoroughly cleaned with aqua regia and then rinse with nanopure water and dried. This step will avoid aggregation of residual gold particle and unwanted nucleation during synthesis procedures. All the gold nanoparticles batches must be stored in the dark to minimize the photo induced Fig. 2 . TEM images (aec) of different nanoparticles synthetized with different surfactant (cadmium sulfide) concentration. Published by Bakshi et al. [44] . "Reprinted with permission from Bakshi et al. [44] . Copyright (2019) American Chemical Society." oxidation and preferably inside a refrigerator to diminish heat influence. Nano pure water is obtained by purification systems that yield low values (<1 ppb) of TOC (total organic carbon). This index is used as a non-specific indicator of water quality or cleanliness of pharmaceutical manufacturing equipment.
Although some other forms are used (see some examples in section 2.7), by far, the most used gold reagent used in nanoparticle synthesis is HAuCl 4 . Most researchers purchase it ready to use. HAuCl 4 can also be obtained from gold foils by a simple method. Needless to state that the higher the gold purity (usually 99% or greater) purer the final product will be. Aqua Regia, a mixture of HCl and HNO 3 , dissolves gold. Neither HCl nor HNO 3 can achieve this alone because, in combination, each have different function. Nitric acid, HNO 3 , is a powerful oxidant that dissolves minimum amounts of gold, forming Au 3þ ions. The hydrochloric acid, HCl, provides chloride ions (Cl À ), which react with the gold ions to create tetrachlorourate (III) anions, also in solution. The reaction with hydrochloric acid is an equilibrium reaction that favors the formation of chlorourate anions (AuCl   4À   ) . This results in removal of ions from the gold of solution oxidation of remaining gold [48] .
Removal of the residual nitric acid can be carried out by repeated heating with the addition of hydrochloric acid. The process presented below is a modified process (from the literature [49] ) that we use in our laboratory:
1. About 0.7 g of gold metal is placed in a 250 mL beaker. Seventy milliliters of aqua regia (HCl and HNO 3 in a volume ratio of 3:1) are added slowly; 2. The mixture is stirred and gradually heated to 50 C. When gold dissolution is finished (about 1 min), the temperature is gradually raised to 70e80 C; 3. The solution is continuously heated until it is concentrated to 30 mL. 4. HCl is added slowly to the hot solution until the brown nitric vapors are completely eliminated. The final volume reached is about 40 mL. 5. The solution is kept under heat until it is concentrated to 30 mL; 6. The procedure described in items 4 and 5 is repeated 3 times until no brown nitric vapor is formed. The presence of acid vapors is verified by pH indicator; 7. The solution is concentrated (by heating) to 15 mL; 8. Chlorouric acid in liquid form is ready for use.
Faraday [6] presented the first synthesis methodology. For AuNPs production, a saturated solution of white phosphorus in freshly distilled diethyl ether was diluted with three times its volume of diethyl ether. Fifty milliliters of chloroauric acid solution (50 mg of Au) was diluted with 45 mL of distilled water and with 5 mL of 0.1 N KOH. This solution was treated, using good mechanical stirring, in one case with 1.0e2.0 mL of the phosphorus-ether solution. The solution turned first brown, then grey, purple and red, finally giving a deep-red product. The product has heated to boiling and a stream of filtered air was drawn through it in order to oxidize any remaining phosphorus. Electron microscopic examination revealed extremely fine particles with a mean diameter of 5 nm.
Since the basic methodology for producing AuNPs is well established, the new research trends [40] are in using different stabilizers (thiols [50] , organic molecules [51, 52] , polymers [53] ), different coating agents (polymers [54e56], organic ligands [57, 58] , and even other metals [59e61]). Different synthesis methods using microwave [62] , UV [63] , and radiation [64, 65] , among others [66] , are also under development. Investigation on the nanoparticle and its different uses is currently ongoing [67e69] .
Nanoparticles are generally produced by reducing tetrachloroauric acid with various agents such as borohydride, amines, alcohols, carboxylic acids, sodium citrate, sodium borohydride, ascorbic acid, and others [36, 53] . At the same time, small organic molecules or polymers should/can be added to the system to prevent the aggregation of the formed nanoparticles. The final shape achieved is generally spherical [70] .
The following review presents papers with well described original synthesis. Papers that state "synthesis reported elsewhere" or similar, the original papers were tracked and evaluated.
The criteria for being mentioned in this review were: relevancy with keywords and have complete original synthesis description. 
Synthesis with citrate e the Turkevich Method
Search key words: sodium citrate; nanoparticles; gold. The classical, well described, synthesis method was presented by Turkevich in 1951 [71] using trisodium citrate (cited mostly as sodium citrate, also as Na 3 citrate, Na-cit, Nacit or simply citrate) as a reducing agent. The publication resulted in several others with some differences to the basic method presented. Mainly, the variations involve HAuCl 4 /sodium citrate ratio, pH control and temperature influence in nanoparticle size and stabilization.
The following theory is explained by Polte [72] . Colloidal stability is reached because the aggregation barrier (activation energy that two particles have to overcome to merge into one) increases with an optimum particle size. The process is summarized in Fig. 5 .
In the first step of nanoparticle formation, the high reduction rate increases the number of particles rapidly forming clusters with 1e2 nm. In the second step, reduction continues, but at a much lower rate, and the freshly formed particles that are likely to have a weak stabilization undergo coalescence processes (coalescence is the process by which two or more droplets, bubbles or particles merge during contact to form a single daughter droplet, bubble or particle) leading to a decrease in the number of particles. When the particle size reaches a mean radius of about 2.5 nm, the number of particles remains constant, but particles keep growing in size. Taking the polydispersity into account, the smaller particles in that size distribution have radii of around 1.5 nm [72] .
Subsequently, the AuNPs grow due to the diffusion of the gold atoms reduced in solution. Hence, a diffusional growth comprises the third step of the growth process which further decreases the polydispersity. When the particles reach a radius of around 4e5 nm, the growth rate increases drastically and the remaining 70e80% of the gold salt is reduced rapidly. In this fourth step, particle size increases to the final radius [72] . TEM image is shown on Fig. 6 .
The ruby red color of the final colloid represents the state without any gold ions in solution. Fig. 7 show our gold nanoparticle reaction color change (performed with sodium citrate). Table 1 presents a summary of the papers presented in this section (the term et al. was suppressed). Turkevich method for sodium citrate is as follows: 95 mL of HAuCl 4 solution (containing 5 mg Au) were heated to the boiling point and 5 mL of 1% sodium citrate solution was added to the boiling solution with good mechanical stirring. The reaction mixture was colorless for 12 s after the addition of the citrate, and then it turned purpleish-blue within a fraction of a second. After 5 min, the final color was deep wine red. The best results were obtained with 5e50 mg citrate addition. The particle size achieved 20 nm [71] .
Frens [73] reported that a 50 mL with 0.2% boiling solution of HAuCl 4 mixed for 5 min with 0.5 mL of 1% sodium citrate yielded nanoparticles with 16 nm. The colors vary from faintly blue to red.
Gold nanoparticles were prepared by Yonezawa with a modified citrate-reduction process. Into refluxing water (250 mL) in a 500 mL round-bottom, scratch-free flask, that had been washed with a commercial detergent and water, HAuCl 4 (5.8 mM, 25 mL) was added and the solution was heated to boiling. Then, a mixed solution (25 cm 3 ) of the stabilizer sodium 3-mercaptopropionate and sodium citrate (2.0%) was injected. The color of the solution turned from yellow to red or brown. The best results were obtained with stabilizer/gold ratio of 0.1 [74] . Average particle size was 10 nm. Zhang et al. [75] prepared the aqueous gold nanoparticles, by addition of 4 mL of 1% sodium citrate to 100 mL of 0.01% boiling HAuCl 4 solution. The mixture was stirred until a deep wine-red color was obtained, indicating formation of gold nanoparticle suspension with 10 nm in size.
Gold nanoparticles were prepared by Mine et al. [76] by reduction of gold salt with sodium citrate [25] 4 eethanol solution added into a boiling solution of tri-sodium citrate (100 mL of 1.0 mM) with rapid stirring. After the solution turning purple red within 30 s, it was cooled quickly in the ice-bath and concentrated to 20 mL in vacuum. Particle size was 4 nm [78] .
Gold nanoparticles used by Huang et al. in a 1 L round-bottom flask equipped with a condenser, 500 mL of 1 mM HAuCl 4 was brought to a rolling boil with vigorous stirring in an oil-bath. After boiling, rapid addition of 50 mL of 38.8 mM sodium citrate to the vortex of the solution and a color change from pale yellow to winered was taken place. Boiling was continued for 10 min; the heating mantle was removed, and stirring was continued after the solution was cooled down to room temperature yielding particles of 10 nm [79] .
Akiyama et al. boiled under refluxed an aqueous solution of HAuCl 4 (2.5 Â 10 À4 M, 950 mL). 50 mL of 1% sodium citrate solution was added to the boiling solution. The mean diameter of the particles, analyzed by transmission electron microscopy, was 18 nm [80] . Grabar et al. described two examples in their work using the Turkevich method: Preparation I. In a 1 L round-bottom flask equipped with a condenser, 500 mL of 1 mM HAuCl 4 was brought to a rolling boil with vigorous stirring. Rapid addition of 50 mL of 38.8 mM sodium citrate to the vortex of the solution resulted in a color change from pale yellow to burgundy. Boiling was continued for 10 min; the heating mantle was then removed, and stirring was continued for an additional 15 min. After the solution reached room temperature, it was filtered with a membrane filter. The resulting solution indicated a particle size of 13 nm. Preparation 2. In a 1 L round-bottom flask equipped with a condenser, 500 mL of 0.01% HAuCl 4 was brought to a boil with vigorous stirring. To this solution was added 7.5 mL of 1% sodium citrate. The solution turned blue within 25 s; the final color change to red-violet occurred 70 s later. Boiling continued for an additional 10 min, the heating source was removed, and the colloid was stirred for another 15 min. TEM data indicated an average diameter of 18 nm [81] .
Mayya et at dissolved 240 mg of chloroauric acid (HAuCl 4 ) in 500 mL of water and brought the solution to ebullition, after which a solution of 1% sodium citrate (50 mL) was added with continued boiling for 1 h. Particles had 12.6 nm [82] .
Storhoff et al. presented the synthesis: an aqueous solution of HAuCl 4 (1 mM, 500 mL) was brought to a reflux while stirring, and then 50 mL of a 38.8 mM sodium citrate solution was added quickly, which resulted in a change in solution color from pale yellow to deep red. After the color change, the solution was refluxed for an additional 15 min, allowed to cool to room temperature, and subsequently filtered through a 0.45 mm nylon filter. Particles were measured up to 13 nm [83] .
Ojea-Jim enez et al. [84] reported in a typical experiment, an aqueous solution of HAuCl 4 (0.165 or 0.25 mM) in H 2 O (149 mL) was heated up to 100 C for 15 min. The reducing reagent, SC-sodium citrate (either 0.34 or 0.26 mM, respectively) in H 2 O (1 mL) was [73] 0.2%/50 mL -water 1%/0.5 mL 16 nm Yonezawa [74] 5.8 Â 10 À3 mol/25 mL -water 2.0%/25 mL 10 nm Zhang [75] 0.01%/4 mL -water 1%/4 mL 10 nm Mine [76] 0.24 mM/200 mL -water 0.34 M/0.94 mL 15 nm Seitz [77] 0.5 M/40 mL -water 0.5 M/160 mL 40 nm Yang [78] 24.3 mM/4 mL-ethanol 1.0 mM/100 mL 4 nm Huang [79] 1 mM/500 mL -water 38.8 mM/50 mL 10 nm Akiyama [80] 2.5 Â 10 À4 M/950 mL-water 38.8 mM/50 mL 18 nm Grabar [81] Variation 1 1 mM/500 mL-water 38.8 mM/50 mL 13 nm Variation 2 0.01%/500 mL -water 1%/7.5 mL 18 nm Mayya [82] 240 mg/500 mL -water 1%/50 mL 12.6 nm Storhoff [83] 1 mM/500 mL -water 38.8 mM/50 mL 13 nm Ojea-Jim enez [84] Variation 1 0.165 mM/149 mL -water 0.34 mM/1 mL 36.6 nm 0.26 mM/1 mL 17.8 nm Variation 2 0.25 mM/149 mL -water 0.34 mM/1 mL 14.9 nm 0.26 mM/1 mL 13.6 nm Nirala [85] 1.0 mM/20 mL -water 1%/2 mL 15 nm Mintz [86] 0.01%/50 mL -water 1%/2 mL 22.7 nm Shi [87] 50 mL/1 mg/mL-water 2 mg/2 mL 13 nm Takahashi [88] Variation 1 a ¼ 0.01%/100 mL -water 1% 15 nm use 4 mL from a Variation 2 use 1.5 mL from a 1% 25 nm Sangamithirai [89] 5 mM/100 mL -water 125 mM/10 mL 5 nm Li [90] 0.01%/30 mL -water 1%/200 mL 50 nm Han zi c [91] 4%/102.5 mL -water 1%/848.4 mL 1 4 n m Niu [92] 0.2 g/100 mL -water 10 g/4.0 mL 13 nm Uthaman [93] 1 mM/50 mL -water 38.8 mM/5 mL 21.61 nm Karakocak [94] 10 mg/90 mL -water 38.8 mM/5 mL Best result 50 nm 400 mLe900 mL [98] 3 Â 10 À4 M/100 mL -water 0.17 M/706 mL 14.6 nm Perera [99] 0.415 g/1000 mL -water 1%/100 mL 13 nm Bartosewicz [100] 5 mM/57 mL -water 0.02 M/3 mL 11.5 nm Wang [101] 1 mM/25 mL -water 38.8 mM/2.5 mL 15 nm Nebu [102] 1 mM/25 mL -water 38.8 mM/2.5 mL 20 nm Thambiraj [103] 1 mM/100 mL-water 1 wt%/5 mL 21.75 nm
* the values were presented in the same form that the authors presented.
then added (direct method). The same experiment was repeated by maintaining the amounts of reagents but changing the order of reagents addition: an aqueous solution of SC (149 mL) was heated to reflux during 15 min before HAuCl 4 was added (1 mL) (inverse method). All reactions were maintained at the boiling point for 5 min before cooling them down to room temperature. Particles fabricated by the direct method has 36.6 and 17.8 nm for 13.6 and 6.8 SC/HAuCl 4 ratios, respectively. The indirect method yielded particles with 9 and 14.9 nm for 13.6 and 6.8 SC/HAuCl 4 ratios, respectively. Nirala et al. presented a modified Turkevich method. Two milliliters of trisodium citrate dehydrate (1%) was added to the boiling solution of 20 mL of HAuCl 4 (1.0 mM) under constant stirring. The solution is removed from the hot plate when the color changed from colorless to wine red. The solution was cooled and kept under refrigeration for further use. Average size of 15 nm [85] .
The synthesis of AuNPs was carried out by dissolving 50 mL of a 0.01% (w/v e weight per volume equivalency) solution of chloroauric acid in deionized (DI) H 2 O. Once boiling, 2 mL of 1% sodium citrate (w/v) was added under constant, vigorous stirring. The mixture was left boiling for 10 min, then moved to cool in the dark. The final product collected was diluted up to 50 mL and stored in the dark at 4 C until further use. The AuNPs averaged 22.7 nm in size [86] .
Under vigorous stirring, HAuCl 4 (50 mL, 1 mg/mL) was heated to boiling, and then a sodium citrate solution (2 mL, 1 mg/mL) was rapidly added to a boiled HAuCl 4 solution. In order to ensure complete reduction, the mixed solution was boiled for 30 min and further stirred for 15 min. After the solution changed from pale yellow to wine-red, the solution was cooled to room temperature gradually and filtered by a filter film (pore size: < 0.45 mm) to remove the impurities, and the filtrate was stored at 4 C. The authors achieved 13 nm particles [87] .
Takahashi et al. reported 15 nm and 25 nm of AuNPs synthesized by the citrate-mediated reduction of HAuCl 4 [30] . One hundred milliliters of 0.01% (w/v) HAuCl 4 was heated to boil. Then, 4 mL (for 15 nm AuNPs) or 1.5 mL (for 25 nm of AuNPs) of 1% sodium citrate was added to the boiling solution under vigorous stirring. The solution was kept on stirring until the color of the solution turned to wine red indicating the formation of AuNPs. After continued heating for about 5 min, the colloidal solution was cooled down to room temperature. And the products were stored at 4 C for further use [88] .
In a typical procedure, Sangamithirai et al. prepared a 100 mL of 5 mM HAuCl 4 aqueous solution in a round-bottom flask and the solution was heated to boil under constant stirring. Subsequently, 10 mL of 125 mM sodium citrate was added rapidly to the above solution. The reaction mixture was boiled for another 15 min during which the solution color was changed from pale yellow to deep red. The obtained solution was continuously stirred and cooled down to room temperature. Average particle size was ca. 5 nm [89] .
Fifty nanometer AuNPs were achieved by Li et al. trough heating 30 mL of 0.01% HAuCl 4 solution under vigorous stirring until boiling. Then, 200 mL of 1% sodium citrate was added rapidly to the solution. The color of the mixture gradually changed to brick-red. The resulting solution was cooled to room temperature under mild stirring and stored at 4 C in a dark beaker [90] .
An aqueous solution with 102.5 mL of 4% HAuCl 4 was added to deionized water (10 mL), which was heated to boiling. Aqueous Fifty milliliters of 0.2 g of HAuCl 4 was brought to a rolling boil with vigorous stirring in a 100 mL round-bottom flask. The rapid addition of 4.0 mL of 10 g of sodium citrate to the vortex of the solution resulted in a color change from pale yellow to orange red. Boiling was continued for 15 min, the heating mantle was then removed, and stirring was continued until the solution reached room temperature [92] . Uthaman et al. reported the following: 50 mL of 1 mM of HAuCl 4 was mixed with distilled water and boiled at 100 C. When the temperature reached 100 C, 5 mL of (38.8 mM) sodium citrate was rapidly added to the gold salt solution, resulting in a color change from light yellow to dark red. After this color change, the solution was stirred for 15 min, slowly cooled to room temperature, and purified by centrifugation. The DLS measurement indicated average hydrodynamic diameter of 21.61 ± 12.32 nm [93] .
Karakocak et al. synthesized AuNPs by using HAuCl 4 (10 mg) was dissolved in 90 mL of deionized (DI) water, and this solution was heated to boiling. Sodium citrate solution (250 mM) was added to the boiling solution in amounts ranging from 400 mL to 900 mL and stirred for 20e30 min until the solution became wine-red. The solution was then left undisturbed in the dark for 24 h at room temperature. Subsequently, Au NP solutions were centrifuged at 10,000 rpm for 20 min and suspended in DI water (deionized water). Nanoparticles size was 50 nm [94] .
Two point 2 mM of sodium citrate solution was heated at 100 C under high stirring condition, followed by injection of 25 mM gold chloride, resulting in solution turning pale red color, suggestive of formation of gold nuclei. The solution was maintained at 100 C for 30 min and then stepped down to 90 C for 45 min to prevent further formation of gold nuclei. Additional 25 mM gold chloride was added every 30 min for two cycles. To enhance gold deposition on the formed gold nuclei, 35% of the reactant solution was replaced with equal volume of 2.18 mM of sodium citrate, followed by further addition of 25 mM gold chloride. Care was taken to ensure that the solution temperature was constantly maintained at 90 C throughout the synthesis. The process of dilution and addition of 25 mM gold chloride was repeated for a total of 16 cycles, where 22, 105 and 186 nm sized citrate capped particles were obtained in the 1st, 13th and 16th dilution cycle [95] .
Approximately 11 nm diameter gold nanoparticles were synthesized by the citrate reduction of HAuCl 4 by He et al. Briefly, 50 mL of 1 mM HAuCl 4 solution was added into a flask that was connected with a condenser and heated to boil while stirring. When the solution started boiling, 4 mL of sodium citrate solution (38.8 mM) was added. The reaction was heated for extra 20 min after the color changed from colorlessness to burgundy red. The solution was cooled down to 25 C under stirring, and then stored in a light resistant container at 4 C. Ultrasonic treatment was required prior to use if a small amount of metal plating was observed on the bottom sides of the bottles [96] .
AuNPs were synthesized by Hong et al. as follows: 50 mg HAuCl 4 dissolved in 10 mL MilliQ water was added to 500 mL MilliQ water and heated until boiling. For the synthesis of different AuNPs sizes, 45, 75, 90, or 180 mg of sodium citrate (Fisher Scientific) dissolved in 10 mL MilliQ water was added and the solution was boiled for another 15 min before cooling to room temperature, constant stirring was maintained throughout the synthesis. The diameters of resulting particles were 32, 28, 22, and 17 nm respectively for the different amounts of sodium citrate added [97] . Karpel 4 $3H 2 O dissolved in 1000 mL of double-distilled Nanopure water. Those solution were brought to boil, and then 100 mL of 1% sodium citrate was added. Finally, the reaction solutions were further boiled for 20 min while stirring. The average diameter was 13 nm [99] . The solutions of AuNPs were prepared following the classical citrate method yielding particles with 11.5 nm. In a typical procedure, a 3 mL sample of aqueous HAuCl 4 (5 mM) was added to a 250 mL flask containing 54 mL of water at room temperature. The solution was brought to a boil while stirring magnetically (400 rpm) and then 3 mL of 0.02 M sodium citrate solution was added at once. The reaction was run until the solution became red in color and its color remained unchanged for the next 5 min [100] .
Wang et al. used a HAuCl 4 solution (25 mL, 1 mM) that was heated to slight boiling in a flask. Sodium citrate (2.5 mL, 38.8 mM) was gently added with strong and uniform stirring. After 30 min of reflux, the mixture was slowly cooled down to room temperature. Finally, the product was filtered through a 200 nm filter membrane and stored at 4 C for subsequent use. The average size was 15 nm [101] .
The AuNPs synthesized by the reduction of HAuCl 4 with sodium citrate by Nebu et al. About 25 mL HAuCl 4 (1 mM) was mixed with 2.5 mL sodium citrate (38.8 mM) with vigorous stirring (600 rpm) for 10 min. The mixture was boiled (100 C) under stirring and then the hot plate was turned off. A color change was observed within 10 min and the stirring was continued for 20 min. The solution was stored at 4 C for further use. Nanoparticles had diameter with ca. 20 nm [102] .
One hundred milliliters of 1 mM of HAuCl 4 was prepared in water and heated until it begins to boil. To this solution, 5 mL of 1 wt% of trisodium citrate in aqueous medium was added into the reaction mixture. This reaction was continued until the solution turned to wine red. This color change appeared within 3 min due of the reduction of Au 3þ to Au 0 and the reaction was completed within 5 min. After the completion of the reaction, the obtained AuNPs solution was centrifuged at 5000 rpm for 20 min and the solution was stored at 4 C. The average size of the synthesized AuNPs was found to be 21.75 nm [103] .
Synthesis with NaBH 4 with/without citrate
Search key words: sodium borohydride; nanoparticles; gold. The addition of sodium borohydride (NaBH 4 ) to the Turkevich method was established in an attempt to simplify the synthesis, by eliminating the heating process. Table 2 presents the number of research articles published using the modified Turkevich thought the years. Table 3 presents a summary of the papers presented. In Kalimuthu et al., 1 mL of 1% HAuCl 4 was added to 90 mL of H 2 O at room temperature. After 1 min of stirring, 2.00 mL of 38.8 mM sodium citrate was added. One minute later, 1.00 mL of fresh 0.075% NaBH 4 in 38.8 mM sodium citrate was added. The colloidal solution was stirred for an additional 5 min and stored in a dark bottle at 4 C. Particles had 13 nm [104, 113] .
Zhao et al. reported: 50 mL sample of aqueous HAuCl 4 (0.25 mM) containing specific amounts of NaCl was put into a 100 mL flask cooled by ice water (4 C) while magnetically stirring, and then 2 mL of 1% aqueous solution of sodium citrate was added after 1 min. After an additional 1 min, 0.5 mL of 0.25% aqueous solution of NaBH 4 containing 1% sodium citrate was added. Gold nanoparticles were obtained after the reaction solution was kept at 4 C for 5 min. Particles presented 19 nm in size [105] .
Wang et al. used an aqueous solution containing (0.1 mM, 100 mL) HAuCl 4 and 0.15 mM trisodium citrate was prepared (no info in volume was provided). Next, 1 mL of 0.05 M NaBH 4 solution was added at once into the gold solution under continuous stirring. Aqueous solution was then mixed and stirred vigorously for 2 h. Prepared Au colloid with 6 nm was stored in a dark glass bottle at 4 C for further use [106] .
Iqbal et al. described: 10 mg of HAuCl 4 was dissolved in 100 mL of deionized water (0.25 mM) and shaken properly to mix the solution. And, 0.1 M solution of reducing agent (NaBH 4 ) was prepared by dissolving 1.891 g of NaBH 4 in 500 mL of deionized water. Then, 100 mL of HAuCl 4 (0.25 mM) were taken in 250 mL flask with magnetic stirring at 750 rpm and the reducing agent solution was added drop by drop with continuous stirring. The color of HAuCl 4 solution changed from pale yellow to dark red over several minutes. Stirring process was continued for another 10 min for complete homogenization. After preparation of the particles, the dispersions were centrifuge at 14,000 rpm for 15 min and the collected particles were redispersed in deionized water. Characterization reveal particles with 30 nm [107] .
Kesik et al. affirms that in order to have spherical AuNPs with 3.5 nm, a three-step synthesis procedure was carried out. Firstly, 9.5 mL ultra-pure deionized (DI) water, 0.25 mL (0.01 M) HAuCl 4 , and 0.25 mL (0.01 M) Na-citrate were mixed homogeneously. Subsequently, 0.3 mL (0.1 M) freshly prepared, ice-cold NaBH 4 solution was added until pink color of the solution was observed. The solution was kept undisturbed at room temperature for 3 h to obtain spherical AuNPs (3.5 nm in diameter) [108] .
In a typical experiment, Aryal et al. reduced 100 mL aqueous solution of HAuCl 4 (10 À4 M) with 0.01 g of NaBH 4 at room temperature resulting in the formation of ruby-red gold hydrosol containing gold nanoparticles with diameter about 7 nm [109, 114] . Average size was 7 nm. Wang et al. reported 4 nm diameter of AuNPs were synthesized by reduction of HAuCl 4 with sodium borohydride in the presence of sodium citrate. Briefly, 645 mL of 1% sodium citrate was added to 100 mL of 0.01% (w/v) HAuCl 4 under vigorous stirring. After stirring at room temperature for 3 min, 3 mL of 0.1 M NaBH 4 which was freshly prepared in ice-cold water was added to the mixture, and the color of the solution changed quickly from colorless to red. After continued stirring for another 30 min, the formed colloidal solution was standing at room temperature for 2 h without stirring. Finally, the prepared 4 nm AuNPs were stored at 4 C for further use [110] .
In a typical synthesis, Shajkumar et al. added 107.4 mg (0.27 mM) of HAuCl 4 to a flask with deionized water. After 1 min, 11 mL of aqueous solution of tri-sodium citrate (1 wt%) was added. Another 30 s later, 5.5 mL of freshly prepared ice-cold aqueous solutions of sodium borohydride (0.08 wt%) and sodium citrate (1 wt%) were quickly injected. The resulting volume of the reaction mixture was 500 mL. After 10 min of stirring, solution was cooled down to room temperature. AuNP size after measurement was 7.5 ± 2.8 nm [111] .
Chaudhary et al. used sodium borohydrate in their nanoparticle synthesis. Briefly, 100 mL of 1 mM aqueous solution of HAuCl 4 was 
Synthesis by Brust-Schiffrin method
Search key words 1: tetraoctylammonium bromide; nanoparticles; gold.
Search key words 2: dodecanethiol; nanoparticles; gold. Search key words 3: Brust; nanoparticles; gold. One of the most well-known ways to synthesize spherical GNPs that are soluble in organic solvents is the Brust-Schiffrin method [46] . The formation of small nanoparticles (<10 nm in diameter) is due to the high affinity of the thiol ligands to gold surface, preventing NPs growth [46] . Table 4 presents a summary of the papers presented.
The method known as "Brust-Schiffrin" is as follows: An aqueous solution of HAuCl 4 (30 mL, 30 mM) was mixed with a solution of tetraoctylammonium bromide (TOAB) in toluene (80 mL, 50 mM). The two-phase mixture was vigorously stirred until all the tetrachloroaurate was transferred into the organic layer and dodecanethiol (170 mg) was then added to the organic phase. A freshly prepared aqueous solution of sodium borohydride (25 mL, 0.4 M) was slowly added with vigorous stirring. After further stirring for 3 h the organic phase was separated, evaporated to 10 mL in a rotary evaporator and mixed with 400 mL ethanol to remove excess thiol. The mixture was kept for 4 h at À18 C and the dark brown precipitate was filtered off and washed with ethanol. The crude product was dissolved in 10 mL toluene and again precipitated with 400 mL ethanol. Particle produced by this method reached 2.5 nm [46, 133] .
Shon et al. presented: 0.39 g (1.0 mM) of HAuCl 4 was dissolved in 40 mL of nanopure H 2 O and 1.09 g (2.0 mM) of TOAB in 160 mL of toluene was added to the reaction flask. The reaction mixture was stirred for 10 min before the addition of 0.38 g (10 mM) of NaBH 4 . The resulting solution containing TOAB-AuNPs with 3.4 nm exhibiting a strong purple/red color [115] .
The preparation technique of Praharaj et al. is as follows. To an aqueous solution of HAuCl 4 (1 mL, 10 mM), 20 mg of TOAB (tetraoctylammonium bromide) was added and toluene (20 mL) was introduced above the aqueous layer. Upon shaking, AuCl 4 À ions were transferred from aqueous phase to the organic layer. The gold solution was divided in two vials containing different organic molecules CTAC (cetyltrimethylammonium chloride) and CTAB (cetyltrimethylammonium bromide). Each solution was mixed well so that the final concentration of stabilizers in all the sets was [105] 0.25 mM/50 mL 0.25%/0.5 mL NaBH 4 containing 1% sodium citrate 1%/2 mL 19 nm Wang [106] 0.1 mM/100 mL 0.05 M/1 mL 0.15 mM 6 nm Iqbal [107] 10 mg/100 mL 1.891 g/500 mL Not used 30 nm Kesik [108] 0.01 M/0.25 mL HAuCl 4 0.1 M/0.3 mL 0.01 M/0.25 mL 3.5 nm Aryal [109] 1 0 À4 M/100 mL 0.01 g of NaBH 4 Not used 7 nm Wang [110] 0.01%w/100 mL 0.1 M/3 mL 1%/645 mL 4 n m Shajkumar [111] 0.27 mM/500 mL 0.08 wt%/5.5 mL 1 wt%/5.5 mL 7.5 nm Chaudhary [112] 1 mM/100 mL 100 mM/3 mL 38.8 mM/8 mL 24.5 nm Fig. 8 . Number of research articles published using Brust-Schiffrin between 1996 and 2018.
maintained to 5 mM. Finally, 1 mg of sodium borohydride was introduced to each solution and all the reaction mixtures were shaken vigorously. During shaking, at first, the yellow color due to AuCl 4 À disappeared and the solution became colorless within a few minutes. The solution turned into wine red on further shaking. The final concentration of gold was 0.5 mM and particle size were 10 nm. The slower rate of photo discoloration in presence of chloride counter ions has been authenticated to higher electron affinity of chlorine than bromine and the higher stability constant of bromocomplex than the corresponding chlorocomplex [116] . Briñas et al. mixed a solution of aqueous HAuCl 4 (30 mM, 30 mL) with a toluene solution of tetraoctylammonium bromide (50 mM, 80 mL). Pentanethiol (170 mg, 0.84 mM) was then added, followed by the slow addition of NaBH 4 solution (0.4 M, 25 mL). The mixture was stirred for 10 min at room temperature. The organic layer was collected and concentrated by rotary evaporation to 10 mL. Ethanol (500 mL) was added, and the mixture was kept at 4 C overnight. The precipitate, with 5 nm particles, was collected by centrifugation, redissolved in toluene, and reprecipitated by the addition of ethanol. After cooling the mixture at 4 C, the dark brown precipitate was collected and dried under vacuum overnight [117] .
Kuroda et al. presented a synthesis were MPA (3-mercaptopropionic acid) was used instead of alkanethiols. An aqueous solution containing 10 mM HAuCl 4 (60 mL) was mixed with a solution of 7.5 mM tetraoctylammonium bromide in toluene (160 mL) and stirred vigorously for 10 min. An aqueous solution containing 30 mM MPA (20 mL) was then added into the mixture followed by further stirring for 10 min. A freshly prepared aqueous solution containing 6 mM of sodium borohydride (60 mL) was immediately added to the mixture. The solution was stirred overnight. The aqueous phase of 2 nm AuMPA particles was collected. The carboxyl groups of MPA were deprotonated into carboxylate groups by sodium hydroxide produced by the decomposition of NaBH 4 , which made AuMPA dispersed in water [118] .
The gold nanoparticles were prepared from HAuCl 4 in aqueous [115] 0.39 g TOAB-1.09 g 3.4 nm NaBH4-0.38 g Praharaj [116] 1 0 m M / 1 m L TOAB-20 mg 10 nm NaBH4 -1 mg of sodium borohydride Briñas [117] 30 mM/30 mL Pentanethiol-170 mg 5 nm TOAB-50 mM/80 mL NaBH4 -0.4 M/25 mL Kuroda [118] 10 mM/60 mL mercaptopropionic acid-30 mM/20 mL 3 nm TOAB-7.5 mM/160 mL NaBH4 -6 mM/60 mL Ghosh [119] 30 mM/30 mL TOAB-25 mM/80 mL 20 nm NaBH4 -0.4 M/25 mL Quintana [120] 0.45 mM/15 mL dodecanethiol-0.45 mM 1.8 nm TOAB-1 mM/40 mL NaBH4 -5 mM/12 mL V€ or€ os [121] 3.4 Â 10 À2 M TOAB-3.4 Â 10À2 M 1.8 nm NaBH4 -no information Zhang [122] 30 mM/80 mL TOAB-25 mM/80 mL NaBH4 -0.4 M 5e15 nm
Liu [123] 310 mg/25 mL decanethiol-in excess 17 L 3.75 nm TOAB-1.5 g/80 mL NaBH4 -0.38 g/25 mL Kang [124] 30 mM/30 mL TOAB-25 mM/80 mL 5.5 nm NaBH4 -0.4 M/25 mL Wang [125] 0.03 M/6 mL TOAB-0.15 M/6 mL 52 nm NaBH4 -0.26 M/6 mL Kim [126] 4.0 mM/120 mL chlorobenzenemethanethiol-0.32 g/2.0 mM 3e4 nm TOAB-5.5 g/240 mL NaBH4 -0.8 g/50 mL Kyrychenko [130] 300 mg/30 mL dodecanethiol-2400 mL 5 nm TOAB-2 g/80 mL NaBH4 -0.4 M/25 mL Dichello [131] 0.25 g/0.64 mM triphenylphosphine-0.58 g 2.8 TOAB-0.4 g NaBH4 -0.35 g/10 mL Razzaq [132] 5.18 Â 10 À3 M/160 mL 1-hexanethiol-0.016 M 2 nm TOAB-0.02 M/160 mL NaBH4 -6.74 Â 10À2 M/160 mL solution with a reducing agent, NaBH 4 , and a stabilizer, DMAP (4-(N,N-dimethylaminopyridine)) by Ghosh et al. In a typical preparation, to an aqueous solution of HAuCl 4 (30 mM, 30 mL), a solution of tetraoctylammonium bromide in toluene (25 mM, 80 mL) was added as the phase transfer reagent. The addition of the phase transfer reagent to the aqueous phase resulted in swift movement of the AuCl 4 À ions to the organic layer within a few seconds. Then, a 0.4 M aqueous solution of freshly prepared NaBH 4 (25 mL) was added to the biphasic solution and stirred well. Upon addition of the reducing agent, the "toluenic" solution changed color from light yellow to wine red within a few minutes. After 30 min, the two phases were separated and the toluene phase was subsequently washed with 0. Liu at. Al. presented in their paper a synthesis in which HAuCl 4 (310 mg, 1 equiv.) was dissolved in 25 mL nanopure water and phase transferred to 80 mL toluene using 1.5 g of tetraoctylammonium bromide. Following, 1-decanethiol (17 L, 1/11 equiv.) and aqueous solution of NaBH 4 (0.38 g, 10 equiv., in 25 mL nanopure water) were added into the organic phase, the reaction solution was stirred at room temperature for 3 h. Particles yielded 3.75 nm size [123] .
Kang et al. used a 30 mM aqueous metal chloride solution (HAuCl 4 , 30 mL) and added to a 25 mM solution of tetraoctylammonium bromide in toluene (80 mL). A 0.4 M solution of freshly prepared NaBH 4 (25 mL) was added to the stirred mixture, which caused an immediate reduction reaction to occur. After 30 min, the two phases were separated and the toluene phase was subsequently washed with 0.1 M H 2 SO 4 , followed by 0.1 M NaOH, and lastly H 2 O, and then the toluene phase was dried over anhydrous NaSO 4 , yielding the gold nanoparticles. An aqueous 0.1 M 4-dimethylaminopyridine (DMAP) solution (1 mL) was added to aliquots (1 mL) of the as-prepared nanoparticle mixtures. The 0.1 M concentration of the DMAP solution was found to be sufficient to cause complete and spontaneous phase transfer of the nanoparticles. Direct phase transfer across the organic/aqueous phase boundary was completed within 1 h, with no stirring or agitation. Solid DMAP was added directly to the toluene solution to precipitate the 5.5 nm particles, which could then be resuspended in water [124] .
Wang et al. presented their synthesis. Briefly, an aqueous solution of HAuCl 4 (0.03 M, 6 mL) was added to a solution of TOAB in toluene (0.15 M, 6 mL). The yellow aqueous phase became colorless, and the toluene phase turned orange. After stirring for 10 min at room temperature, a freshly prepared aqueous solution of sodium borohydride, NaBH 4 (0.26 M, 6 mL), was added dropwise into the reaction mixture over a period of 30 min, after which the mixture was vigorously stirred for additional 30 min. Subsequently, the organic phase was separated and was washed with 1% H 2 SO 4 once and then with nanopure water five times. Finally the organic phase was dried using MgSO 4 and filtered through a filter paper resulting in 52 nm particles [125] .
Kim et al. added 120 mL of HAuCl 4 solution (1.6 g, 4.0 mM) to TOAB (5.5 g, 10.0 mM) dissolved in toluene (240 mL) and stirred for 2 min. Chlorobenzenemethanethiol (0.32 g, 2.0 mM) dissolved in toluene was added followed by sodium borohydride (0.8 g) in water (50 mL). The mixture solution was stirred for 3 h, the toluene phase was separated and solution volume was reduced to 30 mL. The crude product was precipitated into methanol (500 mL), and then filtered and washed with methanol (400 mL). Final particle size was between 3 and 4 nm [126] .
Kyrychenko et al. presented a multi-step synthesis. On the first step, starting solutions were prepared with deionized water: 0.05 M of HAuCl 4 in 1.0 M aqueous HCl (A), 0.05 M of NaBH 4 in 1.0 M aqueous NaOH (B) and 0.1 g of dodecanethiol in 5 g of n-hexane (C). One hundred microliters of solution A was added to 10 mL of deionized water under intensive stirring (with magnet stirrer) resulting in formation of brightly-yellowish transparent mixture. Then 100 mL of solution B was added slowly, during this step the solution color turns to the intensively-red. After this, 5 g of acetone was added and the mixture was shaken manually several seconds. Then solution C was added rapidly and the mixture was shaken manually during 30 s. Finally, the mixture was left quiet to allow the water and hexane layers to separate well one from another. The decolorization of the lower water phase was observed with the simultaneous dyeing of the upper organic phase. After that, the layer of n-hexane was removed. The procedure was repeated 10 times; all the collected n-hexane layers were combined together and concentrated in vacuum rotary evaporator under mild warming. The resulting concentrated solution was mixed with 5 mL of ethyl alcohol, from which the AuNPs were precipitated as dark amorphous solid. The precipitate was again dissolved in n-hexane and re-precipitated by ethanol to complete removing of dodecanethiol. The synthesized AuNPs were stable in solid state and in solutions in the non-polar solvents. The prepared AuNPs, with 3.75 nm, were stored at 4e5 C [127] .
Du et al. used 20:1 M ratio of n-Dodecanethiol/HAuCl 4 to synthetize gold nanoparticles. This solution was first added into a 60 mL of 95% ethanol solution, and then 2 mL of 2% sodium borohydride was added and stirred for 10 min. After that 1.5 mL of 0.103 M HAuCl 4 solution was added and further stirred for 30 min. In the beginning 5 min, the solution turned purple, following with pale red later. Particles were pentagonal with 10 nm [128] .
Tianimoghadam et al. used a solution of TOAB in toluene (8 mL, 0.05 M) and mixed with a yellow aqueous solution of HAuCl 4 (3 mL, 0.03 M). The two-phase mixture was vigorously stirred for 3 h until all the AuCl 4 À was quantitatively transferred to the organic phase from the aqueous phase by complexation with the cationic part of TOAB. Stirring was continued until the orange-tinted aqueous phase turned colorless, confirming successful transfer of Au 3þ into the organic layer on top. Dodecanethiol (17 mg) was then added to the organic phase. A freshly prepared aqueous solution of NaBH 4 (2.5 mL, 0.4 M) was then slowly added with vigorous stirring. An instant color change occurred in the organic phase from orange to black/brown and, ultimately, to dark purple. After further stirring for 3 h, the organic phase was separated and mixed with ethanol to remove excess thiol. The mixture was cooled for 4 h at À18 C, and the dark brown precipitate was filtered off and washed with ethanol. The crude product was dissolved in 5 mL of toluene and again precipitated with excess ethanol. The result were 3e4 nm particles [129] .
To prepare dodecanethiol-coated AuNPs, HAuCl 4 (300 mg) dissolved in deionized water (30 mL) was vigorously mixed with tetraoctylammonium bromide (2 g) dissolved in toluene (80 mL) for 2 h. After removing the water phase, 25 mL of aqueous sodium borohydride (0.4 M) was slowly added to the organic phase (toluene). After stirring the solution for 24 h, the organic phase was extracted and washed using first 0.1 M sulfuric acid and then deionized water. The solution was mixed with excess dodecanethiol (2400 mL) for 2 h. The toluene in the solution was evaporated, resulting in the production of a dried powder. The obtained powder was dispersed in chloroform and ultracentrifuged at 25,000 rpm for 600 s to separate the AuNPs from the unreacted chemicals. Next, the dried precipitates were again dissolved in chloroform (10 mg/mL), and then stored at 4 C. The final AuNPs had 5 nm in diameter [130] .
Dichello dissolved HAuCl 4 (0.25 g, 0.64 mM) and TOAB (0.4 g, 0.73 mM) in nitrogen sparged water/toluene (13 mL/17 mL) followed by addition of triphenylphosphine (0.58 g, 2.21 mM) under vigorous stirring. Freshly prepared aqueous sodium borohydride (0.35 g, 9.4 mM, dissolved in 10 mL) was then added at once by injecting directly into the organic phase, triggering a color change to dark purple. The resulting mixture was stirred for 3 h under a nitrogen atmosphere before the organic phase was isolated and washed tree times with distilled water. The product was further washed with a series of hexane and methanol:water (2:3) to remove the phase-transfer catalyst and unreacted starting materials. Characterization revealed an average gold core size of 2.8 ± 1.2 nm [131] .
A solution of HAuCl 4 $3H 2 O in Milli-Q water (5.18 Â 10 À3 M, 160 mL) was added to a toluene solution of TOAB (0.02 M, 160 mL) with vigorous stirring. After 40 min, the water phase was discarded and 1-hexanethiol (0.016 M) was added to the organic phase. The reaction between Au (III) and the thiol was allowed to proceed. A freshly prepared aqueous solution of NaBH 4 (6.74 Â 10 À2 M, 160 mL, 1:13 M ratio of Au:NaBH 4 ) was then rapidly added to the mixture at 0 C with vigorous stirring. The solution turned black immediately and the reaction mixture was left with stirring for 15e30 min for the different preparative conditions tested. The phases were separated, the organic phase extensively cleaned with water and then toluene removed by rotatory-evaporation (T 30 C). The black residue was re-suspended in absolute ethanol (160 mL), sonicated and left to settle overnight. The solution was then filtered through a sintered disc filter funnel and the filtrate transferred to a round-bottomed flask to remove the ethanol under vacuum. The nanoparticles were then suspended in approximately 160 mL of acetonitrile, sonicated for 15 min and left standing overnight.
Finally, the particles were filtered and washed with acetonitrile. A size smaller than 2 nm was found by Razzaq et al. [132] .
Synthesis by Seeding-Growth method
Search key words: seeding; nanoparticles; gold. Search key words 2: seed mediated; nanoparticles; gold. Fig. 9 presents the amount of published papers for the SeedingGrowth method.
In the seeded-growth method a reducing agent is used to form in a first stage Au(0) nanoseeds from a gold precursor. These seeds are induced to grow into gold nanorods in a second stage by using molecules (usually cationic surfactants) that adsorb preferentially on specific crystal facets showing high surface energies. Often, small concentrations of additional ions (such as or halides) are used as surface passivation components in a structure-directing role that enables control on the nanorod aspect ratio [134] . Table 5 presents a summary of the papers presented.
Jana et al. describes in detail how to perform the seedinggrowth procedure. A majority of papers use this procedure with minor changes.
For preparing AuNPs, 20 mL aqueous solution containing 2.5 Â 10 À4 M HAuCl 4 and 2.5 Â 10 À4 M trisodium citrate was prepared in a conical flask. Next, 0.6 mL of ice-cold, freshly prepared 0.1 M NaBH 4 solution was added to the solution while stirring. The solution turned pink immediately after adding NaBH 4 , indicating particle formation. The particles in this solution were used as seeds within 2e5 h after preparation. Here, citrate serves only as a capping agent since it cannot reduce the gold salt at room temperature (25 C) [135] . For the growth solution, 200 mL aqueous solution of 2.5 Â 10 À4 M of HAuCl 4 was prepared in a conical flask. Next, 6 g of solid cetyltrimethylammonium bromide (CTAB-0.08 M final concentration) was added to the solution, and the mixture was heated until the solution turned a clear orange color. The solution was cooled to room temperature and used as a stock growth solution [135] . Four sets of 50 mL conical flasks were labeled A, B, C, and D. In set A, 7.5 mL of growth solution was mixed with 0.05 mL of freshly prepared 0.1 M ascorbic acid solution. Next, 2.5 mL of seed solution was added while stirring. Stirring continued for 10 min after the solution turned wine red. Particles prepared this way were spherical with a diameter of 5.5 nm. Similarly, 9 mL of growth solution and 0.05 mL of 0.1 M ascorbic acid solution were mixed as set B, and 1.0 mL of seed solution was added while vigorously stirring. Stirring continued for 10 min. The solution's final color was deep red. Particles prepared this way were spherical with a diameter of 8.0 nm. The particles prepared here were used as seeds in set C 30 min after preparation. In set C, 9 mL of growth solution was mixed with 0.05 mL of 0.1 M ascorbic acid solution, and 1.0 mL from set B was added while stirring vigorously. Stirring was continued for 10 min. The final color of the solution was reddish brown. Particles prepared in this way were roughly spherical with a diameter of 17 nm. This solution was used as seed in set D 30 min after preparation. In set D, 9 mL of growth solution was mixed with 0.05 mL of 0.1 M ascorbic acid solution, and 1.0 mL from set C was added while stirring vigorously. Stirring continued for the next 10 min, and the final color of the solution was brown. Particles prepared this way consisted of a mixture of spheres (37 nm diameter) and rods (with an average major axis of 200 nm and minor axis of 17 nm). The solutions A, B, C, and D were stable for more than a month due the presence of CTAB as a particle stabilizer. Each solution, A-D, contained 2.5 Â 10 À4 M gold (atoms) [135] . In the last step (step 4), 1.0 mL of sample D was added to sample E. Sample E became blue in color and it was due to the formation of highly anisotropic gold nanoparticles. Each solution of gold hydrosol was centrifuged for 10 min at a speed of 8000 rpm to precipitate out the particles from the solution and then re-dispersed in 5 mL doubly distilled water by sonication. Average particle size was 10 nm [137] . Spadavecchia et al. produced gold particles of around 3e4 nm, by using Au 4þ ions and ice-cooled NaBH 4 [30] . Briefly, 100 mL of 0.01% (w/v) HAuCl 4 was heated to boil. Then, 4 mL (for 15 nm AuNPs) or 1.5 mL (for 25 nm of AuNPs) of 1% sodium citrate was added to the boiling solution under vigorous stirring. The solution was kept on stirring until the color of the solution turned to wine red indicating the formation of AuNPs. After continued heating for about 5 min, the colloidal solution was cooled down to room temperature. And the products were stored at 4 C for further use. Those 15 nm AuNPs were used as seed particles for the synthesis of 40 nm AuNPs. Briefly, 3 mL of preformed 15 nm AuNPs and 220 mL of 1% sodium citrate were mixed with 100 mL of 0.01% (w/v) HAuCl 4 . Then, 1 mL of 30 mM hydroquinone was added into the mixture quickly under vigorous stirring. The color of the solution changed from light pink to wine red within 1 min. After continued stirring at room temperature for 10 min, the formed 40 nm AuNPs were stored at 4 C [110] .
For the seed nanoparticle fabrication, 1 mL of 2.3 Â 10 À2 M HAuCl 4 was mixed with 99 mL of DI H 2 O, and then the mixture was heated to 110 C for 5 min 10 mL of 1.4 Â 10 À2 M trisodium citrate was rapidly injected to the boiling solution. The mixture was stirred vigorously and refluxed for 20 min. The color of the mixture gradually changed after 5 min from a colorless to a pale red followed by pale purple and finally to a red wine color. After the color change process was completed, the colloidal solution was continuously stirred at room temperature for another 15 min until the solution cooled down. The size of the GNPs made by this method was approximately 18 nm. Larger sized GNPs (60 nm) were made based on the seed mediated growth method. Typically, for the fabrication of 60 nm GNPs, 10 mL of the seed GNP solution was diluted to 120 mL with the final trisodium citrate concentration of 3.7 Â 10 À3 M. The mixture was then heated to 110 C and followed by gradually adding of 24 mL of 2. 
Synthesis by ascorbic acid
Search key words: ascorbic acid; nanoparticles; gold. Ascorbic acid (Vitamin C) is best known for its antioxidant role in biochemical reactions. It is environment friendly and possesses biodegradability, biocompatibility, low toxicity and high-water solubility. Different opinions exist in the literature regarding the ascorbic acid reduction capabilities: HAuCl 4 to AuCl 2þ or HAuCl 4 to Au 0 . Table 6 presents a summary of the papers presented. Fig. 11 presents the amount of published papers for the Ascorbic Acid method. Khan et al. Firdhouse et al. presented: 10 mL of 20 mM HAuCl 4 was added to 10 mL of 10 mM CTAB and 5 mL of 25 mM of ascorbic acid, and then incubated for 5 h at 37 C. In the next step, the synthesized gold nanoparticles were centrifuged at 10,000 rpm for 15 min, and then washed three times by distilled water. The cubic particles, visualized by scanning electron microscopy, presented 15 nm [148] . Polyhedral gold nanoparticles like cubes, tetrahedrons, and octahedrons exhibit high index facets have increasing attention due to its applications in catalysis, plasmonic and SERS based sensors [143] .
Chitosan-coated gold nanoparticles were synthesized by Boca et al. using ascorbic acid to reduce the gold salt and chitosan biopolymer to cap and stabilize the particles. First, 10 mL of 0.5 Â 10 À3 M of HAuCl 4 solution was stirred at room temperature for 5 min. Then, 1 mL of a freshly prepared solution of ascorbic acid (7.5 Â 10 À3 M) was added. The mixture rapidly turned colorless, dark blue and finally pinkish-red, demonstrating the formation of the particles with 18 nm. One milliliter of 2 mg/mL chitosan in 1% acetic acid solution (pH ¼ 3) was added while continuing the stirring process for another 15 min [144] . In order to reduce Au 3þ to Au AuI was subjected to gamma irradiation at a dose rate 3.4 kGy/h. As soon as the reaction medium was exposed to gamma radiation, the reduction of Au þ to Au 0 took place by transient species generated from water radiolysis. The seed particle size was controlled by the high concentration of capping agent CTAB, which does not allow the seed to grow beyond a particular size. The irradiated solution was kept undisturbed for 2 h for subsequent growth of gold nanoparticles. The nanorods were 40 nm in length [145] . Lee et al. dissolved HAuCl 4 (0.05 M) and PVPpolyvinylpyrrolidone (weight ratio of PVP/HAuCl 4 ¼ 1.1) in distilled water (1 mL each). Aqueous solution dissolving ascorbic acid (0.0375 M) was preheated up to 60 C in a water bath. Then, 0.03 mL each of HAuCl 4 and PVP starting solutions was added in the Table 6 Summary of the papers presented using Ascorbic Acid. preheated ascorbic acid solution to generate gold seeds. After 3 min, the residual starting solutions were added continuously in a dropwise manner at 0.06 mL/min. Sodium hydroxide (0.05 M) was added in the reacting solution after 5 min. The reacting solution was aged and vigorously stirred for 20 min at 60 C. Centrifugation was undertaken to separate supernatant and product at 12,000 rpm for 30 min. The product was washed with distilled water and ethanol several times. Finally, the product was redispersed in ethanol for further characterization. Particles was polyhedral with 65e95 nm [146] . In a typical synthesis procedure by Patel et al., 10 À2 M gold salt (200 mL) was mixed with 20 mM ice cold ascorbic acid (70 mL) under continuous stirring. The temperature of the reaction synthesis was maintained 4 C throughout. With addition of gold salt, the colorless solution of ascorbic acid is changed to purple and finally faint blue. The average size of nanoflowers was measured to be of the order of 45 nm, the core size is around 35 nm, and length of the petals is around 5 nm [147] .
Green synthesis methods
Search key words: green; nanoparticles; gold. Synthesis of gold nanoparticles using plant extracts is well documented in the literature. Different composition and quantities of reducing agents are found in organic extracts influencing the final product. Various geometrical shapes and different sizes may be obtained impacting function and thus use. Different plants amino acids, enzymes, flavonoids, aldehydes, ketones, amines, carboxylic acids, phenols, proteins and alkaloids can provide electrons to reduce gold into gold nanoparticles. The final configuration depends on the concentration of plant extract, metal salt, pH of the reaction mixture, temperature and incubation time [23] . Usually, the preparation of plant extracts require extra steps. A few examples are presented next (check reference [23, 149, 150] for a larger Fig. 11 . Number of research articles published using Ascorbic Acid between 1994 and 2019. Fig. 12 . Number of research articles published using green-synthesis thought the years. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) compilation). Fig. 12 presents the amount of published papers using green-synthesis. Table 7 presents a summary of the papers presented.
Jayaseelan et al. [151] described the synthesis of gold nanoparticles (AuNPs) using seed aqueous extract of Abelmoschus esculentus. A. esculentus seeds were washed thoroughly in tap water and finally rinsed with distilled water until no foreign material remained. The freshly cleaned seeds were left drying for 15 days at room temperature. The dried seeds were pulverized until a powder texture was achieved. The samples were stored in an air tight container and protected from sunlight for further use. Two grams of finely powdered seed was mixed with 100 mL of deionized water and then the mixture was boiled for 30 min, cooled and filtered. The extract was used fresh within 1 h. Aqueous broth of A. esculentus seed (40 mL) was added to 60 mL of 1 mM aqueous HAuCl 4 solution and the solution was placed in orbital shaker at room temperature, for reduction of Au 3þ to Au 0 . The bio-reduction of the gold ions in the solution was monitored periodically by measuring the UVevisible spectroscopy of the solutions. The reaction rapidly turned ruby red. The optimum time required for the completion of reaction was 10 min. The AuNPs obtained from the solution were purified by repeated centrifugation at 2000 rpm for 10 min followed by dispersion of the pellet thrice in deionized water to remove the water-soluble biomolecules such as proteins and secondary metabolites. The water suspended NPs were frozen at 30 C overnight and then kept under vacuum for 24 h. The particle size range was determined to be 45e75 nm. Armendariz et al. [152] produced AuNP by using Avena sativa biomass. A sample of 0.150 g of oat ground stems were weighed and washed twice with 0.1 M HCl and three times with deionized water (DI). The biomass was resuspended in 30 mL of DI water in order to have a final concentration of 5 mg of biomass per mL of solution. Using diluted concentrations of HCl and NaOH, a portion of the biomass suspension was adjusted to pH 2. Subsequently, aliquots of 2.0 mL each were taken and placed into three test tubes. These test tubes were centrifuged for 5 min at 3000 rpm and the supernatants were discarded. Batch of three test tubes were adjusted to pH 3, 4, 5 and 6 using the same method described above. In a separate beaker, a 0.1 mM Au(III) solution was prepared using KAuCl 4 . The value of pH was adjusted to 2 and three aliquots of 2 mL each were transferred to the test tubes containing the oat biomass. All the test tubes were then agitated for 1 h, followed by centrifugation. The supernatants were separated from the biomass and used for further gold analysis. The smaller nanoparticles and the higher occurrence [152] errado Song [153] 1 mM/190 mL Magnolia kobus and Diopyros kaki 5e300 nm Ghosh [154] 0.7 mM Gnidia glauca flower extract 50e150 nm Hamelian [155] 1 mM/100 mL Thyme plant 6e26 nm Ahmad [156] 12.69 mM/100 mL Elaeis guineensis (palm oil) 8.22 nm Nazirov [157] 0.01 M imidazole derivative of chitosan 2.3 nm Taib [158] 5 mM/5 mL Hibiscus sabdariffa of 9 ± 3 Selvi [159] 1 [180] 5 Â 10 À4 M/40 mL Mangifera indica 17 nm Smitha [181] 2 Â 10 À4 M/30 mL Cinnamomum zeylanicum 25 nm Philip [182] 42% (w/v)/30 mL Natural honey 15 nm Philip [183] 20.8% (w/w)/30 mL Volvariella volvacea (VV) from 20 nm to 150 nm at different volumes of VV Philip [184] 1 0 À4 M/20 mL Tannic acid 9 nm of these were observed at pH values of 3 and 4 (5e20 nm), whereas the larger nanoparticles were observed at pH 2 (25 to approximately 85 nm). Song et al. [153] used leaf extracts of two plants, Magnolia kobus and Diopyros kaki, obtaining particles from 5 to 300 nm (avg 40 nm). Magnolia kobus and Persimmon (D. kaki) leaves were collected and dried for 2 days at room temperature. The plant leaf broth solution was prepared by taking 5 g of thoroughly washed and finely cut leaves in a 300 mL Erlenmeyer flask along with 100 mL of sterile distilled water and then boiling the mixture for 5 min before finally decanting it. The solutions were stored at 4 C and used within a week. Typically, 10 mL of leaf broth was added to 190 mL of 1 mM aqueous HAuCl 4 solution for the reduction of Au 3þ ions. The gold nanoparticle solution thus obtained was purified by repeated centrifugation at 15,000 rpm for 20 min followed by redispersion of the pellet in deionized water.
Hamelian et al. [155] produced NPs with Thyme. Thyme plant was washed several times with deionized water and dried at 25 C in the incubator. Then it was powdered to smallest size by a mortar. The obtained powder (2 g) was boiled in 300 mL water for 30 min until the solution color changed to light yellow. The extract was filtered and maintained at 4 C for further study. For each synthesis, Thyme extract (10 mL) was added to aqueous solution of (1 mM) HAuCl 4 (100 mL) at room temperature and stirred. The color of the solution during 30 min turned to dark red (see Fig. 3 ) that indicated the formation of gold nanoparticles. The solution stirred for 1 h to complete reduction process, then centrifuged at 12,000 rpm for 15 min and upper phase was removed. Next, obtained AuNPs was washed several times with deionized water to remove all uncoordinated biological materials, and finally, it let dry in an oven at 50 C. Au nanoparticles had diameters between 6 and 26 nm.
Ahmad et al. [156] used Elaeis guineensis (palm oil) leaves extract. Palm oil leaves (OPL) were cleaned with deionized water to remove contaminations deposited on their surfaces. OPL were then sun dried for one week and washed again with deionized water to remove dirt that could have been placed during the drying process. These OPL were oven dried at 70 C for 8 h and grinded fine OPL powder. Aqueous OPL extract was prepared by adding 5 g of OPL powder in 100 mL deionized water and heating it at 70 C, stirred at 500 RPM for 10 min followed by gravity filtration. The filtrate was kept in cold storage at 4 C for further experimentation. A stock solution of gold chloroauric acid (12.69 mM) was made by dissolving 500 mg of gold precursor in 100 mL of deionized water. Stock solution was further diluted with deionized water to prepare 1.53 mM concentration of gold chloroauric acid. AuNPs were biosynthesized at room temperature by mixing 10 mL of aqueous gold chloroauric acid (1.53 mM) and 10 mL of aqueous OPL extract with an addition of 50 mL of deionized water. Average size was 8.22 nm.
Nazirov et al. [157] proposed a one-pot green synthesis using imidazole derivative of chitosan. IMC (N-(4-imidazolyl)methylchitosan) stock solutions of a concentration of 0.1% were prepared by dissolution of the required amount of polymer in 0.1% acetic acid solution. HAuCl 4 solution of a concentration of 0.01 M was prepared by dissolution of an appropriate amount of gold foil in aqua regia followed by three cycles of evaporation/addition of concentrated HCl. Stock solution of HAuCl 4 was added into freshly prepared IMC solutions to obtain Au(III)/IMC(monomer). The mixtures were permanently stirred and kept at 25 C for at least 7 days. Ultra-small gold nanoparticles of an average diameter of 2.3 nm were observed.
Taib used Hibiscus sabdariffa L. extract as a reduction agent for nanoparticle synthesis. The fresh H. sabdariffa L. were cleaned with distilled water to remove impurities and dried for 2 days at 65 C. Then, the dried H. sabdariffa L. were grinded into fine powder. Around 1.00 g of the powder was immersed into 100 mL of distilled water for 30 min at 60 C. The solid content was filtered out, leaving a pale orange color residual extract which has a pH of 3.1. This extract was further used in the synthesis of the AuNPs. About 5 mL aqueous solution of HAuCl 4 (5 mM) was mixed with the solution containing 10 mL of H. sabdariffa L. aqueous extract and 10 mL of distilled water under constant stirring of 600 rpm at room temperature. The pale orange color solution becomes purple color which indicates the formation of AuNPs in aqueous solution. Analysis show that the synthesized AuNPs have mean diameter and standard deviation of 9 ± 3 [158] .
Gold nanoparticles constructs (GK-AuNPs) was prepared using gum kondagogu (Gk) obtained from Cochlospermum gossypium, a natural biopolymer which acts as both stabilizing and reducing agent. GK samples were powdered in a high-speed mechanical blender and were sieved through a test sieve (mesh size e 45 mm).
The GK powder (1.0 g) was accurately weighed and dispensed into a clean plastic beaker containing 100 mL of Milli Q water which was subjected to magnetic stirring at room temperature (298 K) and was gently stirred overnight at 2000 rpm. Then the gum solution was centrifuged at 5000 rpm for 10 min at room temperature (298 K). The supernatant containing the soluble gum solution was freeze-dried and stored at room temperature (298 K) until further use. GK-AuNPs were prepared by means of simple reduction of HAuCl 4 with GK in an aqueous condition. Soluble GK (1%) stock solution was prepared by dissolving soluble GK (1 g) in Milli Q (100 mL) water followed by vortexing. After complete dissolution, definite volume of 1 mM HAuCl 4 solution was added to 0.5% soluble GK. Later the soluble GK containing HAuCl 4 was mixed well and subjected to autoclaving at 121 C and 15 kg/cm 2 pressure. All the reactions were carried out in autoclavable polypropylene plastic containers. Sizes ranged between 4.08 and 11.73 nm [159] . The plant A. bettzickiana, collected during the month of July from Vellore District, Tamil Nadu, India, is used as a reducing agent in the formations of gold nanoparticles with 80e120 nm by Nagalingam et al. Fresh A. bettzickiana leaves were collected and thoroughly washed with running tap water. Then, the leaves were washed with double distilled water and shade dried up to 5 days. Dried leaves were powdered by using mechanical grinder. Ten grams of the fine leaf powder was mixed with 100 mL of double distilled water. The mixture was boiled at 80 C for 10 min in boiling water bath and filtered using Whatmann no.1 filter paper. The extract was collected and stored in a refrigerator at 4 C for further studies. In a typical nanoparticle synthesis procedure, gold solution was prepared by mixing 1 mM of gold chloride (HAuCl 4 ) with 20 mL of double distilled water. About 5 mL of leaf extract was added to 20 mL aqueous gold solution which was heated up to 80 C for 10 min. Resulted mixture became into cherry red in color after heating. This indicated the reduction of gold metallic (Au þ ) ions to gold (Au) nanoparticles [160] . CH-AuNPs were synthesized by using biopolymer chitosan for reduction of gold salt. For preparation, 500 mL of a freshly prepared solution of chitosan (8 mg/mL) dissolved in 1% acetic acid solution was added to 10 mL of 1 mM tetrachloroauric acid (HAuCl 4 ) solution and stirred at 70 C until the color changed from pale yellow to red, which indicates the nanoparticle formation. Gold NPs had a narrow size distribution with an average size of 10e15 nm [161] . Croton Caudatus Geisel leaf extract was used by Kumar et al. The fresh leaves were individually collected and washed thoroughly with cold water and then with distilled water, up to 10 days shade dried and fine powder was prepared by using mechanical grinder. Two grams of the fine powder was mixed with 200 mL deionized water and boiled for 10 min at 50 C using a water bath. This was filtered with Whatmann filter paper to get clear aqueous extract. This extract was stored in a refrigerator. Then, chroroauric acid (HAuCl 4 ) was prepared at the 10 À3 M concentration with double distilled water. Ten milliliters of the leaf extract were mixed with 90 mL of 1 mM chloroauric acid for the synthesis of gold nanoparticles. The color of the mixture is pale yellow initially, after sometime, the color of the reaction mixture changed to dark pink yielding particles with 10.75 nm [162] . Chamaecostus cuspidatus leaves were collected from Horticulture department located in Courtallam, Tirunelveli, Tamilnadu, India by Ponnanikajamideen et al. The leaves were sterilized and washed thoroughly by double distilled water for three times. The clean plant leaves were dried for a week. The dried leaves were then grinded into fine powder. One gram of leaves powder was mixed with 100 mL Erlenmeyer flask and boiled at 80 C for 20 min. The boiled extract was filtered through Whatman No. 1 filter paper. The collected supernatant was stored at 4 C in the refrigerator. For gold nanoparticles synthesis, 10 mL of plant powder extract was added in 1 mM of chloroauric acid. The mixtures were kept at room temperature on an orbital shaker. The synthesized nanoparticles are collected by centrifugation and were used for characterization. They had spherical shape with 50 nm average [163] .
The seeds of M. indica were chosen to synthesize gold nanoparticles due to its cost effectiveness and vast availability. The dried seeds were chopped into small pieces and powdered using a mechanical blender. Ten grams of seed powder were soaked in 100 mL of distilled water for 5 h under constant stirring at room temperature. The solution was then filtered with Whatman filter paper no.1 and filtrate of the aqueous solution was stored at À20 C until use. Aliquots of extract were filtered using 0.45 mm filter prior to AuNP's synthesis. Sixty nanometers particles were obtained by combining 40 mL (1 mM) HAuCl 4 $4H 2 O with aqueous M. indica seed extracts (60 mL) at a 6:4 ratio [164] .
Two grams of cleaned and dried Elettaria cardamomum (EC) seeds were boiled in 100 mL demineralized water for 5 min and then filtered to obtain the extract. One milliliter of EC extract was added to 30 mL of freshly prepared 2. À4 M) at boiling temperature was mixed with different volumes (10 mL and 20 mL) of the coconut oil and acetone solution. The TEM images revealed that the average size of particles for 10 mL and 20 mL samples was 49 nm and 38 nm, respectively [174] . Seeds of Trigonella foenum-graecum (also known as Fenugreek) were washed and sun-dried by Aswathy Aromal et al. Ten grams of the dried seeds were boiled in 100 mL of water for 5 min, and then filtered to obtain the pure extract. Four synthesis was performed varying the extract volume (0.5 mL, 1 mL, 2 mL, and 3 mL). The extract was added to 30 mL of HAuCl 4 boiling solution (1.3 Â 10 À4 M). The best result obtained was 3 mL volume without pH adjustment and with pH 7e20 nm and 18 nm, respectively [175] . About 360 g of Anacardium occidentale (AO) fresh leaf were hydrodistilled using Clevenger apparatus, obtaining 0.2 g of oil. The oil was dissolved in 2 mL acetone to form the reducer for the synthesis AuNPs. In 30 mL of aqueous 2. The reduction was performed at room temperature and also at 100 C. For 1 mL reactions, Aromal et al. obtained 14 nm and 17 nm was obtained at room temperature and 100 C respectively [178] . Ten grams of homogenized Anacardium occidentale (AC) leaf (washed and dried) were stirred with 100 mL of H 2 O for 5 min, and then filtered to obtain the extract. The AC extract (1.25, 2.5, 5 and 10 mL) was added to 30 mL of 2.5 Â 10 À4 M HAuCl 4 solution and then stirred for 1 min to get colloids. The average size was 6.5 nme17 nm, respectively. The morphology of AuNPs obtained by Sheny et al. was almost spherical [179] . Ten grams of Mangifera indica (MI) fresh leaf was stirred with 100 mL of water at room temperature for 1 min and then filtered. [182] .
Volvariella volvacea (VV) mushroom (washed and finely cut) was used by Philip et al. as reducing agent to obtain AuNPs. Sixtyeight grams of VV was boiled for 2 min in 300 mL water and then filtered. In 30 mL of 20.8% (w/w) HAuCl 4 the mushroom extract was added varying the volume (6, 8, 10, 12, 14, 16, 18 , and 20 mL), at 40 C and 80 C. AuNPS from 20 nm to 150 nm were obtained [183] .
Philip et al. presented a Tannic acid/citrate reduction. Particles with 9 nm were obtained. The gold solution was a 10 À4 M HAuCl 4 aqueous solution prepared at 60 C with constant stirring. In 20 mL of water at 60 C with constant stirring, 0.049 g trisodium citrate, 0.05 g tannic acid and 0.018 g potassium carbonate were added. Both solutions were mixed. After 2 min of boiling a red colloid was observed indicating full gold reduction [184] .
Synthesis by other reducing agents and by other precursors: a few examples
Horisberger used a 1% solution of HAuCl 4 (3 mL) then added to distilled water (240 mL) in a clean flask. The solution was neutralized with 0.2 N K 2 CO 3 (5.4 mL). An ether solution of white phosphorus (2 mL) was added. The ether solution consisted of 4 parts diethyl ether and 1 part of phosphorus saturated ether. The mixture was shaken and allowed to stand for 15 min at 25 C. The solution was then heated under reflux for 5 mim and cooled. Particle size was 5.2 nm [185] .
Preparation of AuNPs by Ma et al.: 3 mL 0.5 mM cysteine, 2 mL 0.5 mM HAuCl 4 was added into a conical flask. After thoroughly mixed for 2 min, the mixed solution was left undisturbed at room temperature (20 C) for 6 h until the color of the solution changed red and no further color change occurred. The as-prepared sample was first centrifuged twice at 5000 rpm for 8 min, followed by redispersion in pure water. At pH 10 particle size was 55 nm [186] .
In a typical synthesis, 100 mg of AuPPh 3 Cl was mixed with 400 mL of dodecanethiol in 20 mL of toluene to form a clear solution, to which 84 mg of NaBH 4 (96%, Sinopharm) was added in one portion. The mixture was heated with stirring at 55 C for 7 h before the reaction system was cooled to room temperature. AuNPs with 4.9 nm were precipitated out from the reaction mixture as a black solid powder by addition of 40 mL of ethanol. The precipitate was separated by centrifugation before washing with ethanol and natural drying [187] . Particles with 11 nm were obtained by placing 300 mL of 1.0% NaAuCl 4 $2H 2 O was in an Erlenmeyer flask that contained 30 mL of DI water. The mixture was brought to boiling rapidly while stirring.
When the mixture came to a boil, 900 mL 1.0% sodium citrate was added. A series of color change was observed from blue, dark purple to final wine red. Purification was achieved by centrifuging at 12,000 rpm for 20 min in 1.5 mL batches in 1.5 mL Eppendorf tubes. The supernatant was discarded, and the sample was redispersed in 1.5 mL pure DI water. The centrifugation as above was repeated twice, and the nanoparticles were stored for further application [188] .
Dodecanethiol gold nanoparticles were synthesized by O'Mahony et al. according to the following procedure: AuCl 3 (0.1212 g) was dissolved in 13 mL of distilled water. A phase transfer catalyst tetraoctylammonium bromide (TOAB) (0.9645 g) was dissolved in 8.8 mL of CHCl 3 . The resulting AuCl 3 and TOAB solutions were added together and stirred for 1 h at room temperature. This mixture was placed in a 25 mL separating funnel and the CHCl 3 layer collected. Dodecanethiol (86 mL) was then added to the stirring CHCl 3 solution and stirred further for 5 min NaBH 4 (0.1786 g) was then dissolved in 11 mL of distilled water. This aqueous solution was added to the organic solution and the mixture overnight in a 25 mL separating funnel. The resulting CHCl 3 phase was then collected and a polar solvent (ethanol) added. The solution was centrifuged at 4500 rpm for 30 min. Centrifuging the CHCl 3 phase in the presence of a polar solvent resulted in the precipitation of the dodecanethiol gold nanoparticles from the liquid phase. The nanoparticles with 1e2 nm were reconstituted in hexane, toluene or CHCl 3 [189] .
Tyagi et al. prepared a reaction mixture by adding AuCl 3 (1 mM) to ascorbic acid (10 mM) such that ascorbate to AuCl 3 ratio was 7:1. The initial pH of this solution was adjusted to different values of pH values (6, 8 and 10) by adding dilute NaOH or HCl and stirring was done for 2 h at room temperature. Particles presented 36, 31, and 40 nm, respectively [190] .
Sadeghi et al. [191] used Stevia rebaudiana leaves extract to produce NPs ranging from 5 to 20 nm. 0.1 g of dried extract of stevia leaf is added into 50 mL deionized water and then stirred for 1 h in a magnetic stirrer at room temperature. Coarse filtering is employed prior to centrifuging the extract at 4000 rpm for 30 min to remove the heavy biomaterials in it. Clear stevia leaf extract is mixed immediately into a 0.1 mM AuCl 4 solution of equal volume. Nanoparticles were synthesized ranging between 5 and 20 nm.
A plus: dendrimers stabilized nanoparticles
Dendrimers are three-dimensional, highly-branched and monodispersed polymeric nanostructures have been used in drug delivery systems [192, 193] . They are synthesized via an iterative sequence of reactions such as Michael addition, alkylation and reduction [194, 195] . Their shape and macromolecular characteristics allow ideal drug delivery by encapsulating drugs in their interior or covalently conjugating drugs on their surfaces. In particular, the application of dendrimers as versatile platforms for targeted cancer therapeutics [193] .
Golshan et al. [154] synthesized AuNPs by reduction of HAuCl 4 in aqueous solution with trisodium citrate and modified with cysteamine to obtain amine-functionalized (Au-NH 2 ) nanoparticles. Au-NH 2 nanoparticles were used as multifunctional cores and participated in Michael addition of acrylonitrile and reduction process by lithium aluminum hydride (LAH) to synthesize Au-G4A nanoparticles. Also, peripheral primary amine groups of Au-G4A were conjugated with folic acid (FA) (Au-G4F) to study the bioconjugation effect on drug release behavior of nanostructures.
Peters et al. [196] synthesized sulfuric tripodal ligands and tested the reaction stability. In the aqueous phase of a biphasic system, one equivalent of gold salt (HAuCl 4 ) for each sulfur atom in the ligand, dissolved in the organic phase (dichloromethane), was added. This means that 3 equivalents of HAuCl 4 were used for the tridentate ligand, 6 equivalents of the gold salt for the hexadentate ligands, and 9 equivalents of gold for the nonadentate. The transfer of the gold salt from the aqueous to the organic phase was achieved by addition of tetra-n-octylammonium bromide (TOAB, 2 equivalents with respect to HAuCl 4 ) to the organic phase. Nucleation of the AuNPs was induced via reduction by addition of an aqueous solution of sodium borohydride (NaBH 4 , 8 equivalents with respect to HAuCl 4 ). Upon addition of the reducing agent, an immediate color change of the organic phase from bright red to opaque dark brown was observed. After rigorous stirring for 15 min, the phases were separated and the particles were precipitated by addition of excess ethanol. Separation of the AuNPs from excess TOAB, NaBH 4 and ligand molecules was achieved by centrifugation. A diameter of 1.1 nm was found and further tests showed a single ligand is able to cover and stabilize the entire AuNP.
Conclusion
The future for gold nanoparticle is very promising. They can be synthesized by several different routes, with little or no toxicity effects, and unique optical, physicochemical and biological properties. From the data we gathered, a rapid increase in publications is observed. The most used is the Turkevich methodology that yields particles in the 10 nm range.
Given the tremendous potential of colloidal nanogold in current biomedical topics, this review gathered various synthesis methodologies that are being used in reduction of gold ions into gold colloids. All synthesis pathways presented in this paper are valid for producing particles. Small sizes (<10 nm) can be achieve with all techniques, either by filtration methods or as a simple synthesis result (especially in seeding-growth method), living large room for functionalization of other substances, such as drugs or stabilizing agents. The most important factor is that the end result has a narrow size distribution. Also, toxicity of the reagents used in the synthesis must be considered/tested. For example, toluene is toxic, but should the amount used in the Brust-Schiffrin be harmful (probably not)? All new colloids also require further stabilization tests in biological fluids, in-vitro and in-vivo testing.
The applications of functionalized gold nanoparticles in biotechnology has grown immensely in the last decade raising major concerns about their physiological effects and possible toxicity. The studies published in past few years used a variety of experimental conditions and different protocols producing conflicting results. We are very far from indisputably understanding the nanoparticles toxicological behavior. Correct therapeutic doses, delivery issues (hinder by the protein corona formation) and the inexistence of a toxicity database must be addressed before the technique is largely used. Although they are not toxic, effects like formation of actin filaments, resulting in a decrease in cell proliferation, adhesion, and motility were found in recent studies [197] . Now, optimization and usage-based synthesis is the next step. Among the many challenges being investigated, anti-tumor targeted drug delivery systems and adjuvant treatments are among the most important. Metallic nanosystems in particular have gained vast consideration especially because their size-dependent properties and behavior, enhanced biocompatibility, stability, and oxidation resistance. Because of that fact, they are suitable tools for targeted, controlled and sustained drug release or even to increase external treatment potentials, as they do in radiation therapy. For example, our group in Brazil uses the nuclear radiation as a forming and activation agent for Au 198 Nps synthesis. Undoubtedly, nanotechnology is/will revolutionize science and gold nanoparticles will occupy a major role in the development of this new field.
